Abstract: Moisture in insulation materials will impair their thermal and acoustic performance, induce microbe growth, and cause equipment/material corrosion. Moisture content measurement is vital to the effective moisture control. This investigation proposes a simple, fast, and accurate method to measure moisture content of insulation materials through matching the measured temperature rise. Since moisture content corresponds to unique thermophysical properties, the measured temperature rise varies with moisture content. During the data analysis, all possible volumetric heat capacities and thermal conductivities are enumerated to match the measured temperature rise based on the composite heat conduction theory. Then, the partial derivatives with respect to both volumetric heat capacity and thermal conductivity are evaluated, so that these partial derivatives will be guaranteed equaling to zero at the optimal solutions to the moisture content. Compared to the benchmarked gravimetric method, this proposed method was found having a better accuracy but requiring a short test time.
Introduction


Moisture content in porous materials exerts great impacts to their thermal insulation, acoustics, processability, dielectricity, storage life, and chemical aspects, etc. Moisture content, simply "the quantity of moisture in a material", can be defined by "volume or mass" basis and "wet or dry" basis. In this study, wet basis is used, including wet basis volumetric moisture content w  (volume of water divided by the bulk volume of wet material) and wet basis mass moisture content y (mass of water divided by the bulk mass of wet material).
Moisture content can be either directly or indirectly determined. The direct techniques measure moisture by a chemical reaction (i.e., the Karl Fisher titration method) or weighing the mass difference before and after drying a test sample. The latter one is usually referred as the LOD (loss on drying) or as the thermo-gravimetric method (or simply gravimetric). Although the direct methods are accurate, they are time-consuming, destructive, and do not allow for the in-situ measurement. Therefore, a lot of indirect methods have been alternatively developed. Unlike the direct measurements, indirect techniques do not involve the removal of moisture in a sample, while they estimate moisture content by a strong or calibrated relationship with some other measurable variables such as dielectric permittivity or thermal conductivity. Both the empirical and theoretical equations between the moisture content and measurable variable are used for the calibration. In terms of working principles, these indirect methods are mainly classified as neutron moderation, gamma ray attenuation, nuclear magnetic resonance, microwave reflectance and attenuation, NIR/T (near infrared reflectance or transmission), dielectric techniques, thermal methods, etc.
The suitability of a measurement method relies on [1] [2] [3] [4] . The main attractions in pursuing this technology are: simultaneous measurements of other thermophysical properties (e.g., thermal conductivity, thermal diffusivity, volumetric heat capacity, and water matric potential), wide measurement range, invulnerability of salinity, low cost, high accuracy and robustness, etc.
In this study, we will continue to follow our previous research using the DP (dual-probe) thermal technique, where one probe contains a line-source heater and the other (separated in parallel by a distance) contains a temperature sensor. The typical DP thermal technique uses dual-probe heat-pulse probe [3, 5] where a transient heat-pulse is simulated by powering a heater for a few seconds, and the sensor measures the temperature response during the next several minutes. However, this simulation of transient heat-pulse through a short time heating will bring an error to this measurement model, and the transient heating may only allow for small volume sensing because temperature response will not be sufficient for a big distance between the two probes. The long measurement time (several minutes) may not be acceptable for some applications.
Recently, Zhang et al. [6] used a sudden constant heating, instead of heat-pulse, in a cylindrical heat source, where a uniform and constant heating was provided during the whole process of measurement. Compared to the heat-pulse technique, this method has heating for a longer time and in turn provides enough temperature response which can be sensed by a sensor further away from the heat source, and then a bigger volume sensing is allowed. The results from Zhang et al. [6] showed that this method has a very high accuracy but the measurement time still needs to be shortened. Thus, this paper, by matching the measured temperature response profile with the predicted one, attempts to reduce the total measurement time without sacrificing the high accuracy.
Methods
Basic Equations of Moisture Content in Porous Materials
When containing moisture, a porous medium can be considered as a combination of three components: air, water, and solid (the medium matrix). Like the mass additive law, the additive law also applies to the volumetric heat capacity (density multiplying with specific heat), which is expressed as:
where, ρ is density, c is specific heat,  is volumetric fraction, and subscripts w, s, air and wet refer to the water, solid skeleton, air and wet porous medium, respectively.
In Eq. (1), the contribution of gaseous substances to the overall volumetric heat capacity can be omitted due to relatively small density and specific heat of common gases. Such approximation is suitable because, taking the air as an example, the air density is smaller than the water density by three magnitudes of order, in addition to its smaller specific heat. Eq. (1) can also be rewritten into:
where, the subscript dry refers to the composite of the solid porous media matrix and air. Furthermore, as the volumetric heat capacity is defined as the ratio of the thermal conductivity with the thermal diffusivity, Eq. (2) can be rearranged into:
where, k and a refer to the thermal conductivity and the thermal diffusivity, respectively. For each specific water content, the wet porous material has unique k and a. 
Composite Heat Conduction Subject to a Sudden Constant Heating by an Infinite Cylindrical Source
Suppose that the initial temperature distribution in the test medium is uniform, and the cylindrical heat element and the sensor are in good contact with the porous test medium. Considering the finite heat capacity of the heat element and its finite diameter, according to Refs. [7, 8] , the analytical solution to the temperature rise due to a sudden constant heating by an infinite cylindrical source is 
where, T  is temperature rise with respect to the initial status, t is heating time, r is the distance from the center of cylindrical heating element, r 0 is the radius of the heating element, q is the heat generation rate per unit length, the subscript E represents the heat element, Eq. (6) provides a unique transient temperature response profile for a set of (k, a) which is subject to the moisture content. In this study, various sets of (k, a) are enumerated to predict a temperature response profile based on Eq. (6) . If the predicted temperature response profile closely matches with the measured one, the enumerated set of (k, a) is considered as actual thermal properties and then the moisture content is determined by Eqs. (3) and (4) . Although k or a alone is highly influenced by the contact resistance, their ratio, the volumetric heat capacity c  , is immune to the contact resistance. This is because the volumetric heat capacity of the air is much smaller than that of the solid skeleton of the porous medium or the water.
Temperature Response Matching Methods
According to Eq. (6),
is a function of independent variables of t (heating time), r (distance from the center of cylindrical heating element to temperature sensor), r 0 (radius of the heating element), q (heat generation rate per unit length), (k wet , a wet ) (thermal conductivity and diffusivity of wet porous medium, respectively, and (k E , a E ) (thermal conductivity and thermal diffusivity of heat element, respectively). For a specific set of experiments, r, r 0 , q, and (k E , a E ) are known 
Results
A nichrome wire was used as the cylindrical heat source for moisture content measurement in a sponge block. Fig. 3 shows the test facility. The thin hot wire goes through the test medium which is mounted in a box. A Pt100 temperature sensor probe is fixed at one side of the box, separated in parallel from the hot wire by a distance of 11 mm. The length of the temperature probe is 42 mm, and its diameter is 5 mm. The resolution of temperature measurement is 0.1 o C with an accuracy of ± (0.30 + 0.005|T|) o C. The hot wire is powered by a DC voltage source. In addition, a digital precision balance (type: SI-6002; Denver Instrument, USA) was adopted to weight the moisture content as a benchmark. The resolution of the digital balance is 0.01 g with an accuracy of ± 0.02 g. Table 1 shows the experiment results of four cases, including y G (mass moisture content with the gravimetric method), the search range and step size for Table 3 . If a set of ( wet
is highlighted both in green and in purple, it is an optimal combination, just like No. 19 in Table 3 .
Finally, there are 14 optimal combinations whose volumetric and mass moisture contents and their ranges can be calculated from Eqs. (3) and (4), respectively.
As summarized in Table 1 , the inferred moisture mass contents by this proposed method are in good agreement with the benchmarked gravimetric method because the M y error is within ± 2.3% (g/g) for all the tests. The accuracy of Case 4 is less than that of others whereas it used a bigger step size of   wet c  .
Discussion
The moisture indication accuracy can be further improved if a smaller step size for     wet wet , c k  and a more appropriate error threshold are used. In addition, more criteria can be implemented to increase the accuracy in the screen phase for these possible combinations of thermophysical properties, e.g., the heat conductivity ranges of the mixed materials. The current application utilized temperature responses measured within 200 s. This shows the proposed method is promising to accurately indicate moisture content within a short test duration.
Conclusions
This paper presents a simple and accurate method to rapidly quantify moisture contents in porous insulation materials. Through matching the measured temperature rise after a sudden heating by a cylindrical heat source with the analytical solution of composite heat conduction, the volumetric heat capacity and thermal conductivity of the test material are identified, and then the moisture content is determined. A preliminary comparison of the measured moisture contents with the benchmarked gravimetric method shows that the proposed method can accurately indicate the acquired moisture contents within 200 s of measurement. The absolute moisture discrepancies between our method and the benchmarked gravimetric method are below 2.3% (g/g).
